This study details particle-in-cell simulations of the multipactor effect and discharges created using this effect. A detailed secondary emission model which accotmts for the energy and impact angle dependence of yield is developed to simulate accurately the phenomenon. It is shown that a steady state multipactor can be built up from a very low density initial electron distribution and an oscillatory steady state can be achieved. The results for a more accurate secondary electron distribution are compared with simpler analjdiic models and extended. It is shown that, while the energy spread of secondary electrons differs from the monoenergetic analytical model, the weighted averageenergy is the same. Resistive loading of the circuit due to multipacting electrons is presented.
Background
Multipactor effect is a resonant, low to medium voltage phenomenon and is frequently observed in electron beam devices, with RF or microwave driven cavities. Typically, the electrons hitting a surface with a maximum secondary emission ratio larger than unity, may avalanche to create more electrons. This avalanche happens when the phase of the driving RF voltage is such that the bunched electron beam always sees an accelerating field. The theory behind this phenomenon has been discussed in detail by several authors [1] - [6] . Vaughan [2] hypothesized that the avalanching stops when the inter-particle Coulomb force de-focuses the electron beam axially. It is also known that these electrons [2] can deposit considerable energies in a tiny spot resulting in significant surface damage and performance degradation. Therefore, it is important that multipactor evolution and the energy distribution of these electrons be well understood.
Kishek and Lau [3] , [4] have developed analytical theory to study this phenomenon in terms of interaction of a few electron sheets with an external RLC circuit. In their study on multipactor-circuit interactions [3] , they modeled the electron bunch as a single sheet (the density being a 6 function) and analyzed its interactionwith the external circuit. They numerically modeled the multipactor evolution to saturation and showed that the electron impact energy is equal to the lowest value that gives unity on the secondary electron yield curve (El in Figure 1 ). They extended this study to a model containing two electron sheets [4] where they showed that the leading edge of the multipactor discharge grows at the expense of the trailing one and concluded that this would lead to tightly bunched electrons.
They also presented the behavior of the system for different circuit Q values.
The current study extends their model by using a distribution of many electrons (sheets in Id) which are initially uniformly loaded with a thermal electron velocity distribution. The simulation, done using a particle-in-cell (PIC) simulation code [10] , is then allowed to evolve and a steady state multipaetor or a decaying distribution, as the case may be, is obtained. In the current PIC simulations, the electrons and consequently, their densities are no longer constrained to be sharply peaked in space and are free to spread spatially depending on the circuit conditions.
In order to simulate this phenomenon accurately, a detailed secondary emission model is essential. The velocity distribution of the emitted secondaries is modeled carefully as described in Section 2. Sections 3 and 4 detail the PIC simulation and the results of simulations of multipactor phenomenon and comparison to the earlier simple analytic model.
Secondary Emission Model
A self-consistent secondaiy electron emission model is used in this study. The subsequent sections will discuss the impact on secondary emission and the properties of the emitted electrons due to the following:
• Dependence of number of secondaries emitted on the primary electron energy.
• Change in munber of secondariesemitted due to angle of incidenceof primary electron.
• Velocity distribution of the emitted secondaries (speed and angle). Figure 1 shows a typical secondary electron yield vs. incident electron energy for a metal substrate (note: yield can change from > 1 for a smooth surface to < 1 for a rough one).
Energy Dependence
It can be seen that the yield peaks at an incident energy of approximately 500 V and then decreases steadily after that. This peak is due to the fact that a relatively low energy incidence electron may not dislodge the secondary while a relatively higher energy primary will be in contact with surface atoms for too short a time [7] . It is also of interest to note the two points Ei and E2 on Figure 1 , which are low and high energy points between which the yield of secondaries is greater than unity. In order to sustain a multipactor, the energy of the primary electrons should lie in this region. Vaughan [8] has modeled this curve analjrtically cr = (Tmaxiwe^"^)^ (1) where (Smox-So) and Eq is the miniTnum threshold energy, Emax is energy at maximum yield and (Jmax is the corresponding yield. A: is a cm-ve fit parameter given by k = ki= 0.62 if 10 < 1
A; = A;2 = 0.25 ifto>l.^Ŝ hih et. al [9] have conducted experiments on polished molybdenum and find that the above theory shows good agreement with their results.
Angular Dependence
The secondary yield normally increases with the incidence angle (0°signifies normal inci dence). The theory ofvariation ofyield with incidence is described in [7] and more recently in [8] and [9] . An analytical model of angular dependence is presented in Vaughan [8] which accounts for the variation of Emax and (Jmox with energy and adds a "smoothness" 
and E!max6 -^mttxoO-k$9^/27r) (
before using equations (1) and (2). The value of ks lies between 0 (rough) and 2 (smooth).
Secondary Velocity Distribution
There are few references available regarding the velocity spread of the emitted secondaries. Spangenberg [7] mentions that secondary electrons are emitted with an isotropic angu lar velocity distribution irrespective of the incident electron velocity spread. The energy distribution of the emitted electrons, shown in Figure 2 , includes:
• Low Energy (I) (true secondaries) 90% of the emitted electrons fall in this category with energies below 20 eV, peaking at around 10 eV. These are implemented in the simulation model by picking a random energy between 0-20 eV and then distribut ing them equally into the three velocity directions to provide an isotropic angular distribution.
• MediumEnergy (II): 7% of the emitted particles lie in this energy range with energies ranging from 20 eV to 98% of the incident electron energy. The velocity distribution in the simulation is calculated the same way as in the low energy case.
• High Energy (III): (refiected primaries) These are not really secondary electrons but refiected primaries. 3% of the secondaries lie in this energy range which peaks around 99% of the incident electron energy. The reflected primary is emitted specularly, i.e. the angle of reflection is equal to the angle of incidence. This is achieved by inverting the sign of Vx and keeping the signs of Vy and Vz the same. The particle-in-cell code XPDPl [10] was used to simulate a ld3v parallel plate discharge. The model consists of an RF source with series RLC components as shown in Figure 3 . The results of the simulation shown is for the case where the RF drive is, fRp = 2.45 GHz, Vrf = 13.33 V. The external circuit has R = 20ft, L = 32.48 nH, resulting in a circuit Q of 25. This is similar to that used in Kishek and Lau [3] and is meant to model a cavity or gap in, say, a klystron. Their work used a parallel current driven RLC circuit and this study uses its Norton equivalent, a voltage driven series RLC circuit [5] shown in Figure 3 . The external capacitance is set to a very large value to act as a short circuit. The parallel plate system is now designed so that under vacuum conditions, the external inductance and For the low Q (< 50) cases, the system is started with a uniformly (spatially) loaded low density Maxwellian (3v) distribution of velocities. Within a few RF cycles, most of the out of phase electrons are lost to the walls. A high Q circuit takes relatively longer time to ring up to the steady state voltage. Loading such a system with a low density initial distribution results in the loss of all the electrons to the wall without creating any secondaries since the wall potential takes a long time to raise above Ei/q. This problem was resolved by emitting a one time, low current density beam after 2L/R seconds over one RF cycle. In reality, there is a constant somrce of cosmic rays that generate a steady low density electron density background. The electron "seed" is allowed to evolve and a small bunch of in-phase electrons "see" an accelerating electric field and begin to avalanche. Eventually, the space charge forces modify the phase of the bunched beam vis-a-vis the external drive, to bring the system to a steady state. The unloaded Q of the series circuit, given by uL/R^is equal to 20 for the base run. The simulation code treats the external circuit self consistently [11] and hence is capable of resolving the time evolution of the gap voltage correctly for the different Q cases.
In order to study the behavior of the system with respect to the circuit Q, runs were done with the external resistance between 50012 and 2512 resulting in Q values between 20 and 200 respectively. The voltage of the driving RF signal is changed accordingly so the potential across the unloaded gap, given by VrfXc/R, where Xc is the impedance of the gap, is the same for all cases. The other circuit parameters axe held unchanged.
Simulation Results
The analysis by Kishek and Lau [4] assmned that the emitted secondaries were created with zero drift velocity. In order to verify the model used in this study and to verify their analytic results, a few simulations were run with many particles. The PIC simulation approximated this by creating all secondaries cold with a small initial drift of 1 eV.
The first subsection details our simulation results obtained for their model, finding agreement. The second subsection shows the results for the cases with the distributed secondary emission model included.
Mono-energetic emission case
This study was done to compare the simulation with available analytical theory of Kishek and Lau ( [3] , [4] ). The created secondary electrons were all given an initial energy of 1 eV. It was noticed that the electron beam in this simulation run was tightly bunched, similar to the one-sheet analytic model, (as was expected) and the simulation, relative to the distributed emission case discussed later, reached equilibrium sooner. The electron energy distribution of the particles hitting the wall was also seen to be sharply peaked around 182 eV as shown by the dotted line in Figure 4 . Calculating the weighted average of the distribution function SEf(E)/Sf(E) results in a value of 175.83 V which is exactly equal to the value of Ei for this simulation run and matches the analytical prediction accurately. Further, as predicted in [4] , the electrons were tightly bunched in space. 
Detailed Emission Case
This section discusses the results of simulations run using the full thermal secondary emis sion model described in Section 2. The energy distribution of the electrons hitting the wall is shown as the solid line in Figure 4 . It can be seen that the results are different (shifted) for the simple mono-energetic emission case. The maximiun energy of the electrons is now approximately 237 eV. In addition there is a substantial number of electrons hitting the wall at much lower energies. Further, there is a small number of high energy electrons corresponding to the reflected primaries. The weighted average energy for the distributed model is 215 eV. In order to estimate accurately the average energy of the electrons hitting the wall, the effect of non-zero initial emission energy has to be accounted for. This can be done by simply averaging over the emission distribution function, shown in Figure 2 and de scribed in Section 2.3 and is given approximately as (0.9 * Eg -f 0.07 *Eniax/2 + 0.03 * Emax) giving a value of 39 eV. Subtracting this value from the weighted average gives a value of 175.5 eV which is again close to Ei.
The time evolution of the number of electrons in the multipactor is shown in Figure 5 . It can be seen that the number initially drops from 1.1 x 10'^almost to zero, indicating the loss ofout-of-phase particles andthenrapidly rises due to multipacting, eventually reaching an oscillating steady state. The inset shows particle number over a few cycles in steady The relation between the driving voltage and particle number (and hence its phase) through the system can be seen in Figure 6 . The effect of the phase of the driving voltage on the particle number can be seen with an oscillating steady state, with the number of particles holding steady dming about a transit time. The period of the driving voltage is equal to two transit times of the electron bunch in steady state.
Figures 7-a and 7-b shows a snapshot of velocity phase space of the electrons and the corresponding density, respectively. A bunch of electrons is moving to the left in the -x direction. In addition, there is a smaller set of electrons that have already hit the left wall and axe creating secondaries; this set is the reflected primaries from the right wall with velocities greater than the main bunch. The secondaries created by this set are out of phase with the driving voltage and will be absorbed.
The effect of the multipactor electrons on the steady state circuit characteristics nan be seen in terms of resistive loading of the steady gap state voltage. The vacuum steady state peak gap voltage is 333.33 Volts for all the Q cases discussed earlier. However, the loaded steady state voltage is seen to be lower for all cases, indicating resistive loading due to beam electrons. The change in the phase angle of the cavity impedance is quite small, being no larger than tan-^(l/200) = 0.2864°for the worst case. Therefore, the reduction in voltage is due to the resistive loading of the gap by the beam. The value of the equivalent resistance can be calculated by dividing the driving voltage by the steady state current and these values axe listed in Table 1 . This resistance is used to calculate the power dissipation due to the beam and the results axe shown on the right axis of Figure 8 . The same figure plots the steady state electron number in the gap vs. Q. As expected, the lower Q systems show higher resistive loading and can sustain a higher steady state electron density. The average steady state number of electrons in the system, plotted on the left axis of Figure   8 , increases from w 1034 for Q = 200 to « 6900 for Q = 20. Simulations of electron multipactor discharges have been presented. Many particle simu lations agree with earlier analytic theory when the secondary electrons are emitted monoenergetically. The analytic results differ with the simulation for the full range of secondary emission case. However, the weighted average energy of the emitted electrons at steady state is still, as predicted from theory, close to Ei. The effect of the Q on steady state multipactor characteristics are explained in terms of resistive loading by the electron beam. Lower Q cavities axe shown to sustain higher density electron beam, and consequently, higher resistive beam loading. 
